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Abstract
The present work discusses the potential of the Dynamic Wake Meandering (DWM) model for site suitability studies, as an alter-
native to Frandsen’s equivalent method, from a certiﬁcation point of view. For this purpose, a comparative study of the wake eﬀects
predicted in several models, including various realizations of the DWM, has been carried out. This has led to the identiﬁcation of
basic requirements that an analysis based on DWM should fulﬁlled for the assessment of the structural integrity of a wind turbine
under wake eﬀects.
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1. Introduction
Establishment of large wind farms requires enormous investments putting steadily greater emphasis on optimal
topology design and control of these. This requires not only an optimization of the power output, but also the de-
velopment of strategies to cope with the higher loading expected. The cornerstone of such strategies is a realistic
characterization and modelling of the wake ﬂow ﬁeld inside the wind farm.
The wake ﬂow generated by a wind turbine can be tipically divided into a near and a far wake [1]. The former is
the region from the turbine to approximately one rotor diameter downstream, where the turbine geometry determines
the shape of the ﬂow ﬁeld. Vortex sheets, associated with the radial variation in circulation along the blades, are
shed from their trailing edge, and roll up in a short downstream distance forming tip vortices that describe helical
trajectories. The layer, in which the tip vortices are located, can to some extent be interpreted as a cylindrical shear
layer which separates the slow moving ﬂuid in the wake from that on the outside. Because of turbulent diﬀusion,
the thickness of the shear layer increases with downstream distance. At a certain distance downstream (about two
to ﬁve diameters), the shear layer reaches the wake axis, what marks the end of the near wake region. Beyond this
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point there is a transition leading to the far wake region. This is a region where the wake is completely developed and
its dynamics no longer depends on the rotor characteristics. Instead, the two main mechanisms determining the ﬂow
conditions are convection and turbulent diﬀusion.
From the point of view of the wind turbine operation, the wake ﬂow is characterized by a velocity deﬁcit, related
to the axial pressure gradient present in the near wake region, and the growth of turbulence intensity compared to the
undisturbed ﬂow outside the farm. Moreover, the presence of the ground and the shear of the ambient ﬂow breaks
the axial symmetry of the turbulence distribution, so that the turbulence intensity in the upper part is larger than in
the lower part. As a consequence, wake eﬀects produced in clusters lead in principle to a decreased total production
of power and an increased loading level, both in fatigue, due to the higher turbulence intensity, as well as in extreme
because of partial wake conﬁgurations. This increase of the loading needs to be assessed by a certiﬁcation body in
order to guarantee that the site-speciﬁc loads do not compromise the structural integrity [2,3].
The structure of the paper is as follows. In Sec. 2, the main challenges associated with the site suitability evaluation
are summarized. In Sec. 3, some of the main advantages and limitations of the prescription provided by current
standards are outlined. Future proposals, in particular the potential of the Dynamic Wake Meandering (DWM) model,
are also described. Finally, in Sec. 4, the basic requirements that an analysis based on DWM should fulﬁlled for the
assessment of wake eﬀects are discussed.
2. Site Suitability Assessment: Challenges
As stated in Ref. [2], the integrity of the load-carrying components of the wind turbine structure shall be veriﬁed
and an acceptable safety level shall be ascertained. The ultimate and fatigue strength of structural members shall
be veriﬁed by calculations and/or test to demonstrate the structural integrity of a wind turbine with the appropriate
safety level. The assessment of the suitability of the wind turbine at a site in a wind farm shall take into account
the deterministic and turbulent ﬂow characteristics associated with single or multiple wakes from upwind machines,
including the eﬀects of the spacing between the machines, for all ambient wind speeds and wind directions relevant
to power production.
In spite of the information provided in current guidelines and standards, the ambiguity of some statements and/or
the lack of a detailed description in certain situations may represent an important challenge for the correct assessment
of the wake eﬀects.
2.1. Wake Model
One of the ﬁrst sources of controversy is the wake model considered. As discussed in the next section, the model
currently suggested in the standards, Frandsen’s equivalent turbulence method, presents signiﬁcant limitations. Under
speciﬁc circumstances, alternative, more physically-motivated models are therefore required. Nevertheless, there
exists a great diversity of far wake models with very diﬀerent levels of complexity.
2.1.1. Kinematic Models
These models are based on self-similar velocity deﬁcit proﬁles. The reference value of the velocity deﬁcit is usually
obtained from global momentum conservation, using as input the thrust coeﬃcient, CT, of the machine [1]. However,
the wake descriptions do not cover the change in turbulence intensity in the wake behind a turbine. Therefore they
have to be coupled with a turbulence model if values of the turbulence intensity throughout the wind farm are desired.
One of the most popular kinematic wake models was proposed by Jensen [4,5]. It assumes a linearly expanding
wake, see Fig. 1. At a downstream distance x, the radius of the downwind wake plane is given by
rx = r0 + αx , (1)
where r0 is the rotor radius and α is the decay constant describing the growth of the wake width. This has a default
value of 0.075 in most onshore cases, whereas for oﬀshore applications α = 0.04 is generally recommended. The
velocity deﬁcit is taken into account by considering the mass conservation equation. The axial wind velocity at x can
be thus written as
ux
u0
= 1 −
⎡⎢⎢⎢⎢⎢⎣(1 − √1 −CT)
(
1
1 + 2αx/D
)2⎤⎥⎥⎥⎥⎥⎦ , (2)
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Fig. 1. Schematic diagram of Jensen model.
where D is the rotor diameter and u0 represents the ambient wind speed. The velocity proﬁle is hat-shaped, i.e. it is
constant for a given x.
As previously stated, kinematic wake models have to be combined with turbulence models when used for calcula-
tions. An eﬀective turbulence intensity inside the wake, Ieﬀ , is usually deﬁned as
Ieﬀ =
√
I20 + I
2
add , (3)
where I0 stands for the ambient turbulence intensity and Iadd represents the additional wake contribution. One of the
most common expressions for Iadd that can be found in the literature is [1]
Iadd = K f (CT)I
α1
0
(
x
xN
)α2
. (4)
In this parameterization, xN stands for the near wake length. The other parameters, K, α1, α2, as well as the function
f (CT), do depend upon the model considered, see Table 1. The near wake length xN,V is calculated according to the
prescription described in Ref. [9].
Table 1. Parameters for diﬀerent turbulence models
Turbulence model K f (CT) xN α1 α2
Crespo and Herna´ndez [6] 0.73
[
1
2
(
1 +
√
1 −CT
)]0.83
D −0.0325 0.32
Quarton [7] 4.8 C0.7T xN,V 0.68 −0.57
Quarton & Hassan[8] 5.7 C0.7T xN,V 0.68 −0.96
2.1.2. Field Models
Field models calculate the complete ﬂow ﬁeld through a wind farm by solving the Reynolds-averaged Navier-
Stokes equations with a turbulence model for closure.
Among the diﬀerent ﬁeld models, that of Ainslie [10,11] is one of the most well known. It is based on the thin
shear layer approximation of the rotationally symmetric, time averaged Navier-Stokes equations for incompressible
ﬂow. The continuity and momentum equations in cylindrical coordinates are cast as
1
r
∂(rv)
∂r
+
∂u
∂x
= 0
u
∂u
∂x
+ v
∂u
∂r
= −1
r
∂
∂r
(ru′v′) , (5)
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where u and v stand for the axial and radial components of the ﬂow velocity ﬁeld, respectively. The third equation of
the model describes the eddy viscosity closure. The Reynolds stress can be expressed as
−u′v′ =  ∂u
∂r
= (atm + wake)
∂u
∂r
. (6)
The eddy viscosity is usually splitted into an ambient eddy viscosity, atm, which describes the momentum trans-
portation in the atmosphere and the eddy viscosity generated by the wind shear in the wake, wake. These can be
parameterized as
atm = FatmKatmI0Ψu0D
wake = FwakeKwake
(Bwake
D
) (
1 − uc
u0
)
uoD ,
(7)
where Ψ is the stability function, uc the centreline wake velocity, Bwake represents the wake width and Katm and Kwake
are constants. The function Fatm models the delay in the entrance of ambient turbulence into the wake while Fwake
represents a correction to the lack of equilibrium between the mean velocity ﬁeld and the turbulence ﬁeld in the near
wake.
It is important to notice that in Eq. (5) pressure gradients in the wake are neglected. This assumption however is
not valid just behind the rotor and the model cannot be used in that region. Hence the wake model has to be initialized
after the near wake with an empirical wake proﬁle. Ainslie assumed a value of 2D as the length of the near wake and
considered a Gaussian proﬁle for the wake deﬁcit [10,11].
This formalism allows for an alternative description of the eﬀective turbulence intensity. Taking into account the
relationship between atm and I0 in Eq. (7), Lange assumed that the eddy viscosity inside the wake, , is analogously
related to the eﬀective turbulence intensity, Ieﬀ [12].
More sophisticated wake models include three-dimensional boundary layer wake models or models based on com-
putational ﬂuid dynamics (CFD) [1].
2.2. Layout and site conditions
Due to area constraints and ﬁnancial costs associated with the grid and civil engineering infrastructure, current
wind farms tend to optimize the available space by increasing the density of wind turbines. This creates additional
challenges concerning the necessary requirements that guarantee the structural integrity of the wind turbines:
• Transition region. An increase in the density of wind turbines implies a reduction of the inter-turbine distance,
with current onshore projects values below 3D. This implies downstream distances located in the transition
region between near wake and far wake. The use of far-wake models in this regime can thus lead to a wrong
estimation of the loads. A consistent implementation of the physics involved in that region in the current
aeroelastic codes is crucial for a successful site suitability assessment.
• Large wind farm eﬀects. As pointed out e.g. in Ref. [13], for large, dense wind farms it may be necessary to
reconsider the level of ambient turbulence intensity, accounting for an average wake contribution of the cluster
as a whole. A generalization of the current prescription [2] to more realistic wind farm conditions is required.
• Multiple wake. Another consequence of dense wind farms is the appearance of wake superposition. A consistent
approach to the calculation of loads in the case of multiple wake (instead of considering diﬀerent wakes as
individual) is also necessary.
Besides the diﬃculties related with the tight layout of current and future wind farms, additional aspects of the wake
physics, such as inﬂuence of terrain complexity or dependence on atmospheric stability, require a better understanding.
3. International Guidelines and Standards
The international standards for wind turbines are not just a ﬁxed list of design requirements but its elaboration is a
dynamic process which tries to incorporate the state-of-the-art of wind turbine technology.
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3.1. Current Standard: IEC 61400-1 3rd edition
The main objective of the assessment of a wind turbine for site-speciﬁc conditions is to guarantee that these con-
ditions do not compromise the structural integrity of the wind turbine. According to Ref. [2], two approaches may be
used:
a) a demonstration that all site-speciﬁc conditions -extreme wind conditions, probability density function of the
wind speed at hub height, vhub, turbulence intensity, ﬂow inclination and wind shear exponent – are no more
severe than those assumed for the design of the wind turbine.
b) if any these conditions are more severe than those assumed in the design, a demonstration of the structural
integrity for conditions, each equal to or more severe than those at the site shall be required.
3.1.1. Load Assessment
The second option comprises a comparison of loads and deﬂections calculated for the speciﬁc wind turbine site
conditions with those calculated during design, taking into account of the reserve margins and the inﬂuence of the
environment on structure resistance. The calculations shall account for variations of wind conditions with mean wind
direction and speed, wake eﬀects, etc. In the case of wake eﬀects, it shall be veriﬁed that structural integrity is not
compromised for both ultimate and fatigue limit states.
3.1.2. Wake Model
For the analysis of the fatigue limit state, a wake model based on Frandsen’s method [13] is recommended. In this
model, wake eﬀects from neighboring wind turbines may be taken into account during normal operation for fatigue
calculation by an eﬀective turbulence intensity Ieﬀ,m, which depends on the material through the Wo¨hler exponent, m,
Ieﬀ,m(vhub) =
[∫ 2π
0
p(θ|vhub)I(θ|vhub)mdθ
] 1
m
, (8)
where p is the probability density function of a wind direction, θ, for a given vhub. The turbulence intensity of the
combined ambient and wake ﬂows can be cast as
I(θ|vhub) =
√
I2c + I2add , (9)
where the characteristic turbulence intensity, Ic, and the maximum centre-wake contribution, Iadd, are deﬁned as
Ic = I0 + 1.28σI
Iadd =
[
1.5 + 0.8
(x/D)√
CT
]−1
.
(10)
One of the main advantages of the model is that it is very simple to implement and its calculation does not require
strong computational eﬀort. Nevertheless, the model, as it appears in the standards [2], presents signiﬁcant limita-
tions:
• Velocity deﬁcit is not considered.
• No information is provided about wake expansion and shape of turbulence proﬁle, although in Ref. [13] the
expansion model of Jensen and a Gaussian shape are mentioned.
• The range of downstream distances, where the model can be used, is not clear. This aﬀects signiﬁcantly the
reliability of the results obtained in the transition region between near and far wake, including partial wake.
• Large wind eﬀects can be in principle accounted for by considering wind turbines as roughness elements.
However, its implementation for non-regular wind farm layouts is far from obvious.
• No prescription is provided about the interaction of wakes coming from diﬀerent wind turbines.
It is also important to emphasize that the model was basically deﬁned for the calculation of fatigue loads and no
alternative model is provided in Ref. [2] for the analysis of extreme loads.
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3.2. Future Proposal
In order to overcome the aforementioned issues new proposals are currently under discussion. With respect to the
site suitability assessment two points are worthwhile mentioning.
3.2.1. Load Assessment
Whereas in the current standard emphasis is put on the fatigue analysis, in the future it is suggested that wake eﬀects
are fully implemented in the design load cases (DLC) determining the ultimate loads. Moreover it is also possible that
new DLC’s describing purely wake eﬀects, e.g. partial wake, are incorporated to the design load catalogue for site
speciﬁc conditions.
3.2.2. Wake Model: Dynamic Wake Meandering Model
Taking into account that Frandsen model [13] is basically deﬁned for the analysis of fatigue loading, a new model
that combines the main features of the wake physics with the requirements for the calculation of extreme loads is
needed. One of the best candidates is the DWM model [14–16]. It is composed of three parts, see Fig. 2:
i) Quasi-steady velocity deﬁcit: it includes the wake expansion and attenuation as a function of downstream
transportation time caused by turbulence diﬀusion and, initially, also by the rotor pressure ﬁeld. The wake
deﬁcit modelling is strongly inspired by the work of Ainslie [10,11], see Sec. 2.1.2.
Two major deviations with respect to Ainslie’s model are, ﬁrstly, a diﬀerent parameterization of the constants
Katm and Kwake and ﬁlter functions Fatm and Fwake, and secondly, a diﬀerent deﬁnition of the initial wake at 2D,
based on the blade element momentum far-ﬁeld induction prediction and a radial scaling [15].
ii) Wake meandering process: it is based on the fundamental assumption stating that the transport of wakes in the
atmospheric boundary layer can be modelled by considering the wakes to act as passive tracers driven by the
large-scale turbulence structure.
Modelling of the meandering process consequently includes considerations of a suitable description of the
carrier stochastic transport media, by considering a cascade of wake deﬁcit releases emitted at consecutive time
instants, as well as of a suitable deﬁnition of the cut-oﬀ frequency deﬁning large-scale turbulence structures
using Taylor’s frozen hypothesis.
iii) Wake induced turbulence: it includes contributions from conventional mechanically generated turbulence,
caused by the wake shear, as well as from the blade shed and trailed vortices mainly in terms of tip and root
vortices gradually braking down downstream of the wake generating rotor.
One of the most important aspects of DWM is that, in contrast to e.g. Ref. [13], it models the basic wake ﬂow
mechanisms with suﬃcient accuracy while remaining much more simple than e.g. CFD models. However, before
using DWM as standard model for site suitability assessments, there are some open questions which still require
further clariﬁcation:
• Existence of diﬀerent realizations of the models with diﬀerent prescriptions for the initial wake conditions,
diﬀerent parameterizations of the eddy viscosity, as well as diﬀerent assumptions for the added wake turbu-
lence. This also includes diﬀerences between onshore and oﬀshore conditions and dependence on atmospheric
stability.
• Diﬀerent implementation of DWM in current aeroelastic codes, e.g. HAWC2 or Bladed.
• Lack of a detailed clear strategy about the simulation requirements.
4. Analysis of the applicability of DWM
The objective of the current study is to analyse the aforementioned questions from a certiﬁcation point of view by
extending the work carried out during the TOPFARM project [17] to diﬀerent turbines, wind farm conﬁgurations and
ultimate loads, as well as adapting it to the speciﬁc requirements of a site suitability assessment. For this purpose, the
DTU 10 MW Reference Wind Turbine, as described in Ref. [18] with CT shown in Fig. 3 and the aeroelastic code
 Ricard Toma`s Bayo and Gema Parro /  Energy Procedia  76 ( 2015 )  177 – 186 183
Fig. 2. Schematic diagram of DWM model.
Bladed have been considered. In the future it is planned to add other turbines as well as the aeroelastic code HAWC2
to the study.
Fig. 3. Thrust coeﬃcient, CT, of DTU 10 MW Reference Wind Turbine [18].
4.1. Dependence on Wake Model
The ﬁrst goal of the analysis has been to show the potential discrepancies that may arise when considering diﬀerent
wake models.
4.1.1. Wake deﬁcit
The dependence of the wake deﬁcit on the wake models is illustrated in Fig. 4. It shows the relative wake velocity
as function of downstream distance and radius, u(x, r)/u0, for three diﬀerent models: Jensen [4], Ainslie [10,11], and
DWM as parameterized by Risø [15]. Two wind conditions have been considered: u0 = 10 m/s and I0 = 10 % (left
panel) and u0 = 15 m/s and I0 = 10 % (right panel). The diﬀerence between the two cases is a direct consequence
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Fig. 4. Wake velocity evolution for diﬀerent wake models and wind conditions.
Fig. 5. (a) Same as Fig. 4 for some downstream positions x. (b) Dependence of the centreline wake velocity on x for diﬀerent models.
of the diﬀerent values of the thrust coeﬃcient. As can be easily derived from Eq. (2) for the Jensen model, the wake
deﬁcit is reduced as CT becomes smaller. As far as the structure of the deﬁcit in the wake is concerned, it strongly
depends on the model: as mentioned in Sec. 2.1.1, Jensen model leads to a hat shaped dependence, Ainslie predicts
a Gaussian deﬁcit, and DWM, as prescribed in Ref. [15] (Risø model), leads to a more complicated structure. These
diﬀerences can also be observed in Fig. 5. In the case of DWM, a two-trough structure is expected in the transition
region between near and far wake as a direct consequence of the radial dependence of the axial interference factor.
Beyond some distance the wake deﬁcit structure tends to Ainslie’s Gaussian. When this occurs depends among others
on the parameters deﬁning the DWM model, the turbine considered, as well as the wind conditions.
4.1.2. Added turbulence
With respect to the added turbulence, Fig. 6 shows the diﬀerent dependence of Iadd on the downstream distance
that arises when considering speciﬁc models (GH refers to Ref. [8]). Discrepancies of the order of 10% are expected.
The main conclusion is that, on the one hand, by considering models like DWM, more aspects of the wake physics,
e.g. velocity deﬁcit, can be incorporated in the simulations. On the other hand, from a certiﬁcation point of view,
taking into account the spectrum of models available, a careful validation of these under diﬀerent wind conditions is
an essential requirement.
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Fig. 6. Dependence of Iadd on the downstream distance for several models and wind conditions
4.2. Simulation requirements
Once a validated model has been chosen, the next step is to ﬁnd a strategy that deﬁnes the simulations to be carried
out. This process involves the following points:
Fig. 7. (a) Scheme of two-turbine conﬁguration. (b) Angular dependence of the normalized overturning moment (DEL) at the tower base.
• Identiﬁcation of the most severely aﬀected turbine(s) (MSATs) from all wind turbines in the wind farm. This
will be done by taking into account both layout characteristics, e.g. relative distances between wind turbines,
number of aﬀecting turbines, and wind conditions in each position, e.g. Weibull distribution, ambient turbulence
intensities and curtailment strategies.
• In order to guarantee the structural integrity of the wind turbine, the geometrical conﬁguration giving rise to
the largest loads for the MSATs has to be analyzed. For this purpose, the angular dependence of fatigue and
extreme loads, for the most important sensors and the corresponding wind conditions, has to be examined, see
left panel of Fig. 7.
The right panel of Fig. 7 and Fig. 8 illustrate, with an example obtained with DWM model [15], the procedure
for fatigue and extreme, respectively. The former shows the normalized damage equivalent loads (DEL) for the
overturning moment at the tower base as function of the horizontal oﬀset with respect to the upwind turbine.
Two inter-turbine distances, 2.5D and 5D, are considered. In Fig. 8 the same is shown for extreme moments at
hub in rotating coordinates [3]. Positive and negative horizontal oﬀsets have to be considered and the spacing
has to be ﬁne enough to clearly identify the position of the peaks. Moreover the maximum oﬀset considered
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Fig. 8. Same as right panel of Fig. 7 for the extreme moments at hub in rotating coordinates.
has to be large enough in order for recovery to the ambient loading level to be observed. The angle at which
this happens is called ambient angle.
It is important to notice that the peak structure -number of peaks, size and position- depends on the wake model,
turbine characteristics, wind conditions and distance to the upwind turbine. A careful analysis of the angular
dependence of the loads represents the cornerstone of the assessment of the wake eﬀects.
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